Abstract: Laser-driven acceleration of particle beams is an emerging modality under research for biomedical applications. The spatially resolved diagnostics of laseraccelerated proton bunches is crucial for their application. The RadEye detector, featuring up to 10 cm x 5 cm area of online complementary metal-oxide-semiconductor (CMOS) detector made of 48 µm pixels, is established for x-ray, proton and ion beam diagnostics. We exploit the usually undesired 'Image lag' phenomenon of incomplete pixel reset to generate 2D-images with a larger dynamic range than the single frame range of 12-bit. Using 532 nm laser pulses and computer simulations for single-slit diffraction, calibration factors to stack multiple readouts were successfully derived to quantitatively reconstruct spatial information about an optical beam and hence extend the dynamic range of the detector compared to a single frame. The final goal is focus quantification for a permanent magnet quadrupole system for protons and terawatt (TW-class) laser focus diagnostics.
Laser ion acceleration
Radiotherapy using radiofrequency (RF) accelerator based hadron beams is well-established. Laser-ion acceleration of particle beams (LION-acceleration) is an emerging modality under development with potential in applications like radiotherapy and radiobiology [1, 2] .
For conventional radiofrequency-driven accelerators and beam lines, spatial-profiling of the beams is needed to control the irradiation and usually performed using slits, scintillators or strip detectors. Suitable hardware for the spatially resolved diagnostics of laser-accelerated proton bunches is more challenging and crucial for the further development of LION sources towards application.
Beam characteristics
Laser accelerated proton bunches, compared to conventionally accelerated proton beams from a cyclotron or synchrotron, present severely different beam characteristics which challenge their characterization (see Table 1 ). Especially the high fluxes of up to 10 7 protons / cm 2 / bunch with nanosecond bunch duration pose high demands in terms of spatial resolution, dynamic range and radiation hardness on spatially resolving detectors [3] . A key point in the chain towards application is the refocussing and pointing of the intrinsically divergent laser-proton bunches and spatial characterization of the obtained focus. Permanent magnetic quadrupole lenses can be employed for this beam preparation. These lenses also enable the spectral modification of the broad, exponentially decaying proton spectrum usually obtained from proton acceleration using µm to nm thin plastic or metal foils as laser target. 
LION detectors
Up to present, only offline information on bunch intensity and position are available and require minutes to hours of careful processing time in order to have quantitative results.
Established detector technology
Non-electronic and hence offline detectors such as radiochromic films (RCF), imaging plates (IP) or nuclear track detectors (e.g. CR-39) mostly represent the detectors techniques used in laser-ion acceleration. They are able to stand the intense electromagnetic pulse (EMP) from the laser-plasma interaction, have spatial resolution of < 100 µm and show a very high dynamic range (10 2 -10 6 ) [3] .
Since laser system repetition rates can reach the few Hz range nowadays, the transition from offline to online techniques is highly desirable.
RadEye pixel detector
The RadEye CMOS detector module has been proven capable for direct insertion into the beam path of laser accelerated protons, offering up to 10 cm x 5 cm sensitive area, radiation hardness up to 6•10 10 protons / cm 2 , 2
Megapixels of 48 µm size, sensitivity to both photons and ions and online display [4, 5] . It showed linear behavior to proton irradiation over six orders of magnitude, from 10 6 protons / cm 2 / ns down to single proton sensitivity [4] . The presented work uses the 'Remote RadEye' configuration of the detector system, namely using a Pleora iPort PT1000 as frame grabber with GigE-Vision Ethernet interface for remote control. The PT1000 houses a programmable logic controller (PLC) and uses four pulse generators (PGs) to generate the relevant control, clear and readout pulse sequences for the attached sensors. The PLC and PGs are controlled using our own C++ software. Sensor signals are digitized as 12-bit.
We used a single RadEye sensor module of 5 cm x 2.5 cm active area for the presented experiments.
Dynamic range extension
We extended the PLC control software, in order to generate multiple readouts after receiving an external TTL trigger and save them as uncompressed raw images.
To stack extended dynamic range images, the saturated part of the first frame is automatically masked and replaced by the analog-to-digital units (ADUs) from the second frame using a derived calibration factor. As both frames come from the same short laser flash, no spatial jitter occurs and the slope of the transition between both frames was guaranteed. Figure 1 displays the experimental setup. A 532 nm, 1 mW green laser diode is used to illuminate a slit of 15 µm width. Intensity was varied by insertion of different neutral density (ND) filters into the beam path, in order to explore the ADU distribution in second readouts as function of incident light. The single slit diffraction pattern directly shines onto the RadEye. The readout period was fixed to 370 ms for all frames. Only the first two readouts were evaluated, since consecutive frames showed signal at the noise level. Laser pulse duration was set to 250 ms, ending 50 ms before the first readout.
Experimental setup

Evaluation
The one dimensional intensity pattern of single slit diffraction in Fraunhofer approximation in the far field can be described using equation 1.
( ) Figure 1 : Experimental setup. A ms pulsed 532 nm green laser diode is used to illuminate a 1D slit, which is directly projected onto the RadEye. ND filters vary the pulse energy.
Forward calculations of the expected intensity distribution I(x) in the observation plane were performed for 1D lineouts as ground truth using equation 1. Measurements were evaluated by comparing the ratio of the maxima of order 0 (central maximum) and order 1 to the simulated ratio.
Results
Image lag exists with optical beam
The so called "Image lag phenomenon" is known from classical photography as the existence of signal through multiple readouts of a semiconductor pixel sensor.
Consecutive multiple readouts of the RadEye sensor show, in analogy, that a distinct signal remains in the second readout frame after illumination with a ms flash from the laser diode (cp. Figure 2) . The magnitude of the signal (ADUs) is about one order of magnitude lower than the ADUs in the first readout. In areas of saturation in the first frame, the second frame displays non-saturated image structure, which indicates the presence of quantitatively useable information not present in the first frame.
Derivation of calibration factors
As the ADU values in the second frames generally were smaller than the ADU values in the first frames, a suitable calibration factor was derived in order to stack the second onto the first frame and extend the dynamic range (cp. Figure  2 ). To this end, linear regression between the non-saturated area in the first frame and the corresponding area in the second frame was performed for each pixel. The regression yields a linear functional behaviour between ADUs in first and second frames and was extrapolated into the saturated area (Figure 3) .
The response of the RadEye is linear up to the saturation level in the first frame and up to two times the saturation level in the second frame (Figure 3) . Therefore, the extrapolation of the regression yields trustable ADUs in the second frame up to two times the saturation level. This enables to double the dynamic detector range by using a single global calibration value for the ADUs in the second frame in order to stack the two frames (cp. Figure 4 ). Figure 4 displays two cases of stacked first and second frames for two different ND filter settings, i.e. different levels of incident intensity. Using our method, the dynamic range of the RadEye can be extended by a factor of two using a global calibration (cp. Table 2 ). The deviations of the observed ratio between simulation and ND 2.5 and ND 2.7 can be attributed to a slight nonlinearity of the sensor due to a signal dependent quantum efficiency (QE) [6] . QE dependence results in an error smaller than 20%.
Quantitative frame stacking
Conclusion
We characterized the image lag of a large-area pixel detector used for the diagnostics of laser-accelerated ions to extend the dynamic range and quantify this range extension using a small laser diode. The conservative evaluation reveals a range extension of one bit, which means that the dynamic range was successfully doubled. Future applications under investigation for our system are spatial-profiling of optical beams for, e.g., laser focus diagnostics at high power laser systems, for which stacking multiple exposures has been established to reach the demanded dynamic range. Moreover, we aim at focus quantification for a permanent magnet quadrupole system designed to focus laser-proton bunches at the Centre for Advanced Laser Applications (CALA) in Garching. First focus quantification tests using conventionally accelerated 20 MeV proton beams will be performed this year. For a moderate oversaturation (ND 2.4) of the 0 th order of the diffraction pattern, the shape of equation 1 is retrieved using the second frame. The inlay panel proofs that the trustworthiness of the stacking method breaks down for stronger over-illumination (ND 1.8).
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